We design and fabricate arrays of diffractive optical elements (DOEs) to realize neutral atom micro-traps for quantum computing. We initialize a single atom at each site of an array of optical tweezer traps for a customized spatial configuration. Each optical trapping volume is tailored to ensure only one or zero trapped atoms. Specifically designed DOEs can define an arbitrary optical trap array for initialization and improve collection efficiency in readout by introducing high-numerical aperture, low-profile optical elements into the vacuum environment.
Introduction
Trapping of laser cooled atoms in far-of-resonant optical traps is the starting point for many experiments with neutral atom qubits. In order to trap both ground and Rydberg state atoms, blue detuned traps, where the atom is at a local minimum of the intensity, are preferred [1] . Blue detuned bottle beam traps are also advantageous compared to red detuned traps for minimizing qubit decoherence rates. The diffractive optical element (DOE) application for this experiment is to create a bottle beam trap for cold Cs atoms with a DOE and collect the signal fluorescence. In such a trapping scheme, atoms sit near the surface of the DOE which provides the possibility of a chip-scale array of atomic qubits.
Others have realized these bottle beam traps in a macro/bulk configuration where the optical power was achieved with bulk lenses and the phase retardation with a segmented bulk half-wave plate [2] , or where the optical power was achieved with bulk lenses and the phase retardation with a single deposited phase step [3] [4] . Here, we implement these trapping arrays diffractively and integrated monolithically, in the micro regime to enable higher numerical apertures as well as insertion into the vacuum environment. Moreover, our trapping DOEs are integrated with fluorescence collection DOEs that ease implementation with high precision, lithographically defined mutual alignment of all integrated optics in the array.
An 8-level diffractive bottle beam optical trap, at a design wavelength of 780 nm, is surrounded by and functions coaxially with an ultra-fast collection optic of the same focal position at another design wavelength (852 nm). The collection optic is also realized as an 8-level diffractive even though all of these collection elements on the wafer are at least as fast as F/1. The F/1 DOE collects over a full angle of 45 degrees, while the most aggressive DOE on the wafer operates at F/0.025 and collects over slightly less than the hemisphere (172 degrees full angle). The fact that we are able to realize such aggressive collection optics should enable the collected fluorescence measurement from the trapped atom into 4π to be statistically sufficient before quantum coherence times are exceeded. To our knowledge and from the literature, these are the fastest diffractive optical elements realized and may be compared to the 2-level micro-optic at F/0.8 for ion trapping fluorescence collection in a vacuum [5] or to the 8-level F/0.6 diffractive optical elements integrated into an ion trap [6] [7] .
Diffractive Bottle Beam Trap Design and Modeling
A bottle beam is a beam of with a null on-axis in the focal plane of a focusing optic with increasing intensity in all directions away from that point. A beam of this sort can be formed using coherent light by imposing a phase shift of π radians over a portion of the pupil of a focusing optic. This is illustrated in Figure 1 for the case of a circular pupil. If we consider only the central region of the pupil, with radius b, that experiences no phase shift we realize that it will produce a diffraction limited focus spot that is large in comparison to the size of the spot produced by the entire pupil, of radius a, without any phase shift. Alternately, the focus spot produced by the annular phase shifted region will be comparable in size to that of the full pupil. Because of the π phase shift and that fact that the beam is coherent, the contribution of the focused spot due to the edge region is subtracted from the wider contribution of the central region. If the radius of the central region is chosen appropriately, a null can be formed on-axis. This null exists only on-axis and in the focal plane. This is because the two beams diverge at different rates and the condition for the null is not satisfied in any other plane. The operating principal behind this element allows us to immediately make some qualitative observations regarding the nature of the intensity pattern produced. First the size of the bright region surrounding the null will largely be dictated by diffraction limited spot size due to the central region. Additionally, the size of the central dark region will be governed by size of the phase shifted region. To produce the null condition, the amplitude distribution of the illumination must be known and determines the relative diameters required to produce a null.
Bottle Beam with Uniform Amplitude Plane Wave Illumination
The intensity distribution formed by the above element can be calculated simply using Fourier optics methods. The transmission function of the above element, including the quadratic phase term of the focusing optic, is written as
where ( ) , x y are the lateral coordinates in the pupil plane, f is the focal length of the focusing lens, a and b are as defined in Figure 1 , and (
1 0 otherwise.
The expression in Eq. (1) results in an amplitude of 1 inside a circle of radius b, -1 (or phase shifted by π) in the annulus with inner radius b and outer radius a, and 0 otherwise. To propagate this from the pupil plane to the focal plane we use the Fresnel diffraction integral,
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Evaluating the Fourier transform, we have
where
and ( ) ρ n J is the Bessel function of the first kind.
The resulting intensity distribution ( ) ( ) 
In order to form the desired intensity null on-axis, ( ) 
In other words, the area of the central circle and the phase shifted annulus must be equal for there to be an on-axis null. The intensity pattern produced by Eq. (7) is shown in Figure . Note the desired null on axis. It is also desired that the intensity increases in planes away from the focal plane. In order to examine this, we compute the field in a plane a distance z Δ away from the focal plane using the two Fourier transform version of the Fresnel diffraction formula,
, , e x p , From the numerical results above, the peak of the bright annulus is located at 
Implementation of Bottle Beam Trap as an 8-Level Diffractive Optical Element
The π phase shift needed to produce a bottle beam using the technique can be implemented quite elegantly using an 8-level diffractive element. In order to implement the phase shift, it is only necessary to shift the rings forming the diffractive lens at the appropriate radius, b, as in Figure 4 . Figure 4 Binary diffractive lens with a π phase shift at a radius b.
Implementation of a 2 X 1 Array of Bottle Beam Traps with an 8-Level DOE
A similar method can be used to include a grating on the lens to produce two identical traps. The splitter grating is simply a binary phase grating with a phase modulation of π radians. It is a simple matter to add such a grating to a binary diffractive lens by shifting the rings. This is shown in Figure 5 . The grating period Λ required to separate the two traps by a distance s is given by ( )
The grating period that splits the bottle beam trap into two identical traps separates the traps by 10 μm. An example of the intensity pattern produce by a lens incorporating both a bottle beam and a splitter grating is shown in Figure 6 . Figure 5 At left: a diffractive bottle beam lens with a splitter grating added. At right: two bottle beam traps produced by a splitter grating. Note that the intensity is compressed to enhance the detail in the low-intensity sidelobes.
Bottle Beam Trap DOEs Integrated with Ultra-Fast Collection DOEs
The 8-level diffractive bottle beam optical trap, at a design wavelength of 780 nm, is surrounded by and functions coaxially with an ultra-fast collection optic of the same focal position at another design wavelength (852 nm). The collection optic is also realized as an 8-level diffractive even though all of these collection elements on the wafer are at least as fast as F/1. The F/1 DOE collects over a full angle of 45 degrees, while the most aggressive DOE on the wafer operates at F/0.025 and collects over slightly less than the hemisphere (172 degrees full angle). The fact that we are able to realize such aggressive collection optics should enable the collected fluorescence measurement from the trapped atom into 4π to be statistically sufficient before quantum coherence times are exceeded. To our knowledge and from the literature, these are the fastest diffractive optical elements realized and may be compared to the 2-level microoptic at F/0.8 for ion trapping fluorescence collection in a vacuum [5] or to the 8-level F/0.6 diffractive optical elements integrated into an ion trap [6] [7] .
Both the trapping DOE as well as the fluorescence DOE were integrated and fabricated monolithically on the same fused silica substrate. The greatest fabrication challenge was in realizing a mask writing/liftoff process that can accommodate the wide range of feature sizes present from the DOE mesas at the edge of the 1mm radius collection DOEs, all at uniform etch depths across the wafer.
The focal length of the trap lenses were selected to give a variety of options for use in experiments. In order to keep the size of the trap constant, it is then necessary to vary the illuminating diameter of the trapping beam.
The represented DOEs and their positions across the wafer is shown in Figure 6 , to scale. The collection lens for 852 nm light is 2 mm in diameter in each case. The collection DOE surrounds the (much smaller) bottle beam trap DOE (in green). The collection DOE F/# and associated full angle subtense is indicated above each optic. The focal length of each optic is indicated below it. Eight elements were fabricated as a single die in a 3x3 array. Each bottle beam trap DOE produces a 2 X 1 array, except for the right, middle trapping optic which just produces a single bottle beam trap. This ninth design is a repeat of the 1000 μm focal length design, but without the splitter grating so that a single trap can be examined in isolation. Each 2mm diameter element aperture is defined with a zero amplitude gold mask. There are also 0.5 mm clear apertures to assist in alignment of the device.
Conclusions
We present design and fabrication details to realize an 8-level diffractive bottle beam optical trap element that is integrated with and functions coaxially with an ultra-fast collection optical element with the same focal position. The bottle beam trapping optic can be implemented quite elegantly with an 8-level diffractive element where the π phase shift radius is such that the inner element area equals that of the surrounding annulus. Utilizing this phaseshift radius allows an intensity null to exist on the axis and at the element focal position.
The diffractive collection optic is also realized as an 8-level diffractive even though all of these collection elements on the wafer are at least as fast as F/1. The F/1 DOE collects over a full angle of 45 degrees, while the most aggressive DOE on the wafer operates at F/0.025 and collects over slightly less than the hemisphere (172 degrees full angle). The fact that we are able to realize such aggressive collection optics should enable the collected fluorescence measurement from the trapped atom into 4π to be statistically sufficient before quantum coherence times are exceeded. To our knowledge and from the literature, these are the fastest diffractive optical elements realized.
Both the trapping DOE as well as the fluorescence DOE were integrated and fabricated monolithically on the same fused silica substrate.
